Wild-type Escherichia coli K-12 utilizes glycerol exclusively through the action of an ATPdependent kinase. The product, sn-glycerol 3-phosphate (G3P), is then dehydrogenated by one of the two membrane-associated flavo-dehydrogenases, depending on the nature of the terminal electron acceptor available (5) . A mutant was isolated in which the kinase was replaced by a NAD+-linked dehydrogenase as the first enzyme for aerobic glycerol dissimilation. This mutant was selected from a parental strain with defects in both the gene for glycerol kinase and the gene for aerobic G3P dehydrogenase. The double mutation makes reversion to the original mode of glycerol metabolism highly improbable. In a preliminary study, it was shown that crude cell extracts of the mutant catalyzed the interconversion of glycerol and dihydroxvacetone (12) . Thus, in this respect, the enzyme resembles the genuine anaerobic catabolic enzyme of Klebsiella aerogenes 1033 (6) .
In the present report, we describe the purification and characterization of the glycerol dehydrogenase produced by the E. coli mutant, strain 424. The high constitutive level of the enzyme in this strain was the result of at least two mutations during prolonged selection in a glycerol medium (12 The dissolved ammonium sulfate precipitate was equally divided into three fractions and applied to a column of Sepharose 6B (150 ml; 1.5 by 90 cm) equilibrated with buffer K. The buffer K eluate was collected in 1.5-ml fractions. Tubes containing significant glycerol dehydrogenase activity were pooled, and the combined fractions were applied to a column of DEAE-cellulose (DE52) equilibrated in buffer K. After washing with 100 ml of the equilibrating buffer, the column was eluted with 500 ml of KCl (0 to 1 M gradient) in the same buffer, and 5-ml fractions were collected. Tubes containing the highest specific activity were pooled and concentrated by pressure dialysis (PM-10 Amicon filter), and the concentrate was dialyzed overnight against 150 volumes of buffer K containing 20 
RESULTS
Purification of the enzyme. The four-step procedure devised for the purification of glycerol dehydrogenase yielded a 15-fold enrichment of the protein with a 4.3% recovery of the total initial activity in the crude extract ( Table 1 ). The last step involved the elution of the enzyme from the NAD+-agarose matrix by adding the coenzyme. All subsequent studies were carried out with the enzyme purified after this step.
Estimates of molecular weights. When the enzyme was electrophoresed in 7.5% polyacrylamide gels, two catalytically active bands appeared, a major one and a minor one (Fig. 1) . ( The presence of two enzymatically active bands after electrophoresis of crude cell extract was observed earlier by E. J. St. Martin in this laboratory.) To determine the molecular weights of these two species, their relative mobilities were compared with those of standard proteins by electrophoresis in a 4 to 30% polyacrylamide gradient gel. The major form of glycerol dehydrogenase behaved as a protein of 310,000 daltons, whereas the minor component behaved as a protein of 81,000 daltons (Fig. 2) .
By carrying out polyacrylamide gel electrophoresis in the presence of sodium dodecyl sul- This interpretation was supported by recovering the two bands of enzymatically active proteins from the 7.5% polyacrylamide gel and by subjecting each molecular species to a new round of electrophoresis. The major component with the larger molecular weight again gave rise to two bands (Fig. 3) . However, the minor component with the smaller molecular weight migrated as a single band without reforming a detectable amount of the larger molecular species.
The maintenance of the two discrete enzymatic bands during gel electrophoresis at pH 8.4 and the reformation of the dimers from the octomers after elution at pH 7 suggest that the octomer is stabilized at the higher pH. Other- pH optimum. The rate of catalysis of glycerol dehydrogenation and dihydroxyacetone reduction by the enzyme as a function of pH was measured in the presence of NH4'. The optimal pH for the oxidation of glycerol was in the range of 9.5 to 10, with a rapid decline of the activity below pH 8.5. The optimal pH for the reduction of dihydroxyacetone was in the range of pH 5.5 to 6.0, with a rapid decline in the activity above pH 7.5. Similar pH profiles were observed with K+ as an activator. Because neither substrate has an ionizable group in the pH range studied, the difference in the optima probably reflects chiefly the participation of the proton in the interconversion of NAD+ and NADH. A possible ,J. BACTERIOL. Activation by monovalent cations. The effects of several monovalent cations on the activity of glycerol dehydrogenase are shown in Table 2 . The assay buffer used was titrated to pH 10 with tetraethylammonium hydroxide because even up to 40 mM the cation of this compound has no apparent effect on the activity. At 2 and 40 mM, NH4' was the most effective activator. At 40 mM, K+ and Rb+ activated the enzyme by about sixfold. Na+ and Li' showed little or no effect. NH4' and K+ also behaved as activators when the enzyme was assayed as dihydroxyacetone reductase (Table 3 ).
In the presence of 100 mM NH4', the apparent Km for glycerol was 1.4 mM, and that for dihydroxyacetone was 1 mM. The Vmax for glycerol oxidation is calculated to be 81 U per mg of protein at 30'C, and that for dihydroxyacetone reduction is 550 U. Assuming that each subunit has a catalytic site and that the rate of catalysis does not vary significantly with the state of polymerization of the subunit, the turnover number per catalytic site of this enzyme for glycerol dehydrogenation would be about 3,200 per min at 30°C.
Inhibitors. Effects of various divalent cations, chelating compounds, and sulfhydryl reagents on glycerol dehydrogenase activity were investigated. For measuring inhibition, the enzyme was first incubated for about 3 min at 30°C with the test compound in the assay mixture minus glycerol. The reaction was then started by adding the substrate.
The enzyme activity was 74% inhibited by 1 jIM Cu2' and 100% inhibited at 20 ,uM of this metal ion. At 1 mM, Ca2+ caused 50% inhibition, whereas Ba2' and Mg2+ showed no effect at the same concentration. Among the chelating agents examined, 8-hydroxyquinoline was the most powerful. It inhibited 77% of the activity at a concentration of 0.25 mM. A similar extent of inhibition was observed by 1 mM 1,10-phenanthroline. In contrast, 1 mM EDTA, a,a'-dipyridyl, or diethyldithiocarbamate, had little or no effect.
The requirement of sulfhydryl groups for enzyme activity is indicated by the effect of Nethylmaleimide: at 0.1 mM 75% inhibition occurred, and complete inhibition occurred at 1 mM. The effect was not reversed by the addition of 2.0 mM dithiothreitol or 2-mercaptoethanol. The activity of uninhibited enzyme, however, was enhanced 20% by 2 mM glutathione.
Substrate specificity. Table 4 gives the ini- " Activity was measured as described in the text, except that various compounds were tested at 5 mM as substrate.
hAbsolute activity was 11 nmol/min per ml of assay mixture.
' In this assay, NAD+ was replaced by NADP+, and 5 mM glycerol was added as the substrate. By using NAD+, no significant activity on the following compounds was observed at 100 mM: 1,3-propanediol, 2- The hyperproduction of an enzyme by forced selection on a substrate under unusual circumstances has been observed in other cases. For example, the selection of mutants of Klebsiella aerogenes 1033 for growth on limiting concentrations of a novel substrate, xylitol, greatly elevated the constitutive synthesis of ribitol dehydrogenase. This enzyme fortuitously acts with low affinity on xylitol, converting it to D-xylulose, which happens to be a normal metabolite of the organism (4, 9) . In a mutant selected under stringent xylitol limitation, the constitutively synthesized enzyme was found to comprise about 20% of the cellular protein (14) .
A glycerol dehydrogenase with some resemblance to the enzyme reported in this study was previously purified 15-to 20-fold from E. coli .J. BACTF.RIOL.
on July 9, 2017 by guest http://jb.asm.org/ Downloaded from ECFS. The specific activity of the final preparation was only 1.5 U in sodium carbonate-bicarbonate buffer at 30°C. The properties found in common between the two enzymes were a pH optimum of about 10 and a high degree of sensitivity to Cu2". No substrate specificity was undertaken in the previous work, except that the enzyme was shown to catalyze the reduction of dihydroxyacetone with NADH, and therefore the attack was also at C2 (1). Unfortunately, strain ECFS seems no longer available.
The original role of the enzyme that assumed the new function of aerobic glycerol dissimilation in the mutant remains to be discovered. A supposition that the enzyme has a fermentative role in wild-type cells was not substantiated in a preliminary survey. Three independent mutants of strain 424 that lost the enzyme, and was therefore no longer able to grow on glycerol, showed no apparent defect when grown aerobically or anaerobically on a number of carbohydrates, such as glucose, L-arabinose, D-xylose, and pyruvate (E. St. Martin, unpublished data). The broad specificity of the enzyme makes it difficult to guess the physiological substrate on the basis of catalysis. Identification and mapping of the structural gene might be the best approach for solving this problem.
